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A two-component (soft + hard) model (TCM) of hadron production in high-energy nuclear colli-
sions is applied to ensemble-mean pt (denoted by p¯t) data for p-p, p-Pb and Pb-Pb collisions from
the relativistic heavy ion collider (RHIC) and large hadron collider (LHC). This p¯t TCM is directly
related to a recently-published TCM for the charge-multiplicity nch and collision-energy dependence
of pt spectrum data from p-p collisions. Multiplicity dependence of the p-p spectrum hard compo-
nent observed in the previous study is consistent with similar behavior for p¯t hard component p¯th.
p-p p¯t nch dependence is observed to follow a noneikonal trend for the TCM hard component (dijet
production ∝ n2ch), whereas the trend for Pb-Pb collisions is consistent with the eikonal approxima-
tion assumed for the Glauber A-A centrality model. The p-Pb trend is intermediate, transitioning
from the noneikonal p-p trend for more-peripheral collisions to an eikonal trend for more-central
collisions. The multiplicity dependence of participant number Npart and binary-collision number
Nbin inferred from p-Pb p¯t data differs strongly from a Glauber Monte Carlo model of that sys-
tem. The rapid increase with nch and large magnitude of p¯t for the p-p and p-Pb systems suggests
that minimum-bias jets (TCM hard component) dominate p¯t variation. The trend for p¯th in Pb-Pb
collisions is consistent with quantitative modification of jet formation in more-central A-A collisions.
PACS numbers: 12.38.Qk, 13.87.Fh, 25.75.Ag, 25.75.Bh, 25.75.Ld, 25.75.Nq
I. INTRODUCTION
Measurements of ensemble-mean transverse momen-
tum pt or p¯t for p-p, p-A or d-A and A-A collision systems
over a range of collision energies [1–3] poses an interest-
ing problem of data interpretation: what mechanism(s)
determine hadron production in each of the collision sys-
tems? p¯t vs charge multiplicity nch is observed to in-
crease rapidly for p-p collisions but much less rapidly for
A-A collisions. The p-A case is intermediate.
p¯t data from nucleus-nucleus (A-A) collisions have
been interpreted conventionally in terms of radial flow
(e.g. Refs. [3, 4]), nominally a response to large gradients
in matter/energy densities [5]. Recent measurements of
p¯t vs nch trends in smaller p-A or d-A systems have re-
vealed much stronger p¯t vs nch dependence [3], and those
increases have also been interpreted to indicate (possibly
stronger) radial flow [6]. Extending that interpretation
to the p¯t trend for p-p collisions suggests that radial flow
may be strongest in that smallest system.
But progression from large to small systems according
to such arguments leads to a paradox within the context
of the flow narrative: apparently larger matter/energy
gradients must appear in smaller systems, contradicting
arguments that have motivated the study of heavy ion
collisions [7]. And, by inverting the argument if an al-
ternative (e.g. jet-related) mechanism dominates the p¯t
trend in p-p collisions that same mechanism could prevail
in A-A collisions, misinterpreted there as radial flow [8].
Inference of underlying hadron production mechanisms
from their manifestations in yields, spectra and cor-
relations is a central goal for analysis of high-energy
nuclear collisions. Candidate mechanisms range from
projectile-nucleon dissociation and scattered-parton frag-
mentation to dijets [1, 9–12] to multiple parton interac-
tions (MPI) [13, 14] to strong rescattering of partons and
hadrons within a dense medium [15] leading to hydrody-
namic flows [5, 16, 17]. Emergence of novel effects in
recent high-energy data for smaller p-A or d-A collision
systems from the relativistic heavy ion collider (RHIC)
and large hadron collider (LHC) has stimulated debate.
Comparisons of p¯t data with Monte Carlo models have
been inconclusive [3]. More-differential data analysis and
an improved data model are clearly needed (see Sec. II A).
The two-component (soft + hard) model (TCM) of
hadron production near midrapidity in high energy nu-
clear collisions provides a simple framework for analysis
and interpretation, with components well defined both
mathematically and physically [1, 18, 19]. In a previous
TCM study of p¯t trends [20] data from three collision
systems at LHC energies [3] were described by a TCM
based on assumptions imposed by limited information.
The study assumed that parameter α relating TCM soft
and hard components is independent of collision energy
and that TCM p¯t hard component p¯th is approximately
independent of nch at a given energy. The study estab-
lished that the TCM can provide a precise description of
p¯t data and suggested that the dominant mechanism for
p¯t variation at midrapidity is minimum-bias (MB) dijets.
A recent study of p-p pt spectrum evolution with nch and
collision energy [21] has provided additional information
on the energy dependence of parameter α and nch depen-
dence of the TCM hard component, among other details,
that motivated the updated p¯t study reported here.
The main focus of the present study is p¯t as an inte-
gral measure of pt spectrum structure. This study re-
examines recent p¯t vs nch data from the LHC for p-p,
p-Pb and Pb-Pb collisions [3], their variation with colli-
sion system A-B, collision energy
√
sNN from 200 GeV to
7 TeV and charged-hadron multiplicity nch. The study
confirms that dijet production in p-p collisions has a
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2quadratic relation to nch soft component ns. The p-p
p¯t TCM hard component is directly related to properties
of independently-measured jet spectra and jet fragmenta-
tion which confirms the role of MB dijets in p-p p¯t data.
The p-Pb p¯t TCM trend is simply explained as transi-
tioning from p-p to A-A behavior as the effective number
of nucleon participant pairs becomes significantly greater
than one. The Pb-Pb p¯t TCM is a limiting case of the
p-Pb model wherein a Glauber description of A-A ge-
ometry dominates for more-central collisions but not for
peripheral collisions. p¯t systematics in A-A collisions,
specifically for the p¯t hard component, reflect modifica-
tion of the jet contribution to pt spectra for more-central
collisions as expected. The TCM for p¯t data suggests
that for any collision system the variation of p¯t with nch
or centrality is dominated by MB dijet production.
This article is arranged as follows: Sec. II introduces
the general TCM for hadron production near midrapid-
ity in high-energy nuclear collisions. Sec. III describes
the TCM for pt spectra and p¯t data from p-p collisions.
Sec. IV derives a TCM for p¯t data from p-Pb colli-
sions. Sec. V presents similar results for Pb-Pb collisions.
Sec. VI discusses systematic uncertainties. Secs. VII
and VIII present discussion and summary, and App. A
describes a parametrization of nch dependence of the p-p
spectrum hard component and corresponding p¯t trend.
II. THE TWO-COMPONENT MODEL
The TCM as utilized in this study emerged from induc-
tive analysis of p-p pt spectra. Its two components corre-
spond to basic hadron production mechanisms emerging
from several decades of high-energy physics experiments.
The TCM provides a simple and accurate description of
a broad array of collision data. In this section the basic
model is introduced in the context of p-p collisions.
A. Choices among analysis methods
Analysis of collision data assumes a direct connection
between underlying mechanisms and the structure of the
hadronic final state in the form of yields, spectra, corre-
lations, and especially jets as hadron correlations. How-
ever, how to characterize final-state structures statisti-
cally and how to interpret results in terms of physical
mechanisms remains an open question. Competing anal-
ysis methods may lead to disparate conclusions [22].
The hadronic final state is characterized by various
measures including pt spectra and statistical quantities
derived therefrom. Whereas differential pt spectra carry
more information, integral statistical measures such as
ensemble-mean p¯t are capable of greater precision due
to integration. Differential spectrum structure may sug-
gest likely mechanisms whereas integral measures may
test hypotheses more precisely. Total pt (Pt) and hadron
charge (nch) integrated within some acceptance are ex-
tensive measures whereas ratio p¯t = P¯t/nch is an in-
tensive measure that may conceal important underlying
trends [see Eq. (6) below]. While methods imposing spe-
cial conditions on data (e.g. a “trigger” pt cut) are some-
times preferred, minimum-bias analysis (no special con-
ditions) is essential to explore a larger context [22].
Optimum analysis methods may be suggested by data
trends. For instance, the TCM for hadron production
near midrapidity in high energy nuclear collisions used
in the present study was derived inductively via phe-
nomenological analysis of yield [23], spectrum [1, 24]
and correlation [18, 19] data from high-energy collisions.
The TCM represents the observation that hadron pro-
duction proceeds by two mechanisms: (a) projectile-
nucleon dissociation to charge-neutral hadron pairs (soft)
and (b) scattered-parton fragmentation to correlated
hadron jets (hard). A TCM reference may be defined in
terms of linear superposition of a fundamental process:
low-x parton-parton interactions within p-p collisions or
nucleon-nucleon (N-N) interactions within p-A and A-A
collisions. Deviations from a TCM reference may then
reveal novelty (e.g. nonlinearity) in a composite system.
B. TCM description of p-p pt or yt spectra
The TCM for p-p collision data emerged from analysis
of 200 GeV pt spectrum data. Systematic analysis of the
nch dependence of pt spectra from 200 GeV p-p collisions
described in Ref. [1] led to a compact phenomenological
TCM with approximate factorization of multiplicity nch
and transverse-rapidity yt dependence in the form
d2nch
ytdytdη
≈ ρ¯0(yt, nch) = Spp(yt, nch) +Hpp(yt, nch) (1)
≈ ρ¯s(nch)Sˆ0(yt) + ρ¯h(nch)Hˆ0(yt)
with mean angular densities ρ¯x = nx/∆η. Transverse
rapidity yt ≡ ln[(pt +mt)/mh] with transverse mass de-
fined by m2t = p
2
t + m
2
h provides improved visual access
to spectrum structure at lower pt or yt (for unidentified
hadrons pion mass mh = mpi is assumed). Unit-integral
soft-component model Sˆ0(mt) is consistent with a Le´vy
distribution on mt with exponent n0 ≈ 12.5 and slope
parameter T0 ≈ 145 MeV, while peaked hard-component
model Hˆ0(yt) is well approximated by a Gaussian on yt
centered near yt ≈ 2.65 (pt ≈ 1 GeV/c) with exponen-
tial (power-law) tail reflecting an underlying jet energy
spectrum [10, 25]. Conversion from pt or mt to yt (or the
reverse) is accomplished with Jacobian factor ptmt/yt.
Sˆ0(yt) is nearly constant at lower yt making extrapola-
tion to zero especially simple on that variable.
Figure 1 (left) shows yt spectra for six p-p multiplic-
ity classes integrated over acceptance ∆η = 2 and 2pi
and normalized by soft-component density ρ¯s. Empiri-
cally, all spectra are observed to coincide at lower yt if
normalized by ρ¯s ≈ ρ¯0 − αρ¯20 for some α ≈ O(0.01) [1].
3The upper bold dotted curve is the same soft-component
Le´vy function Sˆ0(yt) noted above as a TCM reference.
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FIG. 1: Left: yt spectra for six charge-multiplicity classes
of 200 GeV p-p collisions (thin curves) compared to fixed ref-
erence Sˆ0(yt) (bold dotted) [18]. The bold dashed curve is
corresponding hard-component model αρ¯sHˆ0(yt) for NSD p-p
collisions. Right: Hard-component distributions derived from
spectra at left in the form H(nch, yt)/ρ¯
2
s (several line styles)
compared to fixed reference αHˆ0(yt) (bold dashed). The
dash-dotted line in each panel indicates a power-law trend
≈ 1/p7t corresponding to the underlying jet energy spectrum.
Figure 1 (right) shows hard-component data inferred
from the left panel via Eq. (1) in the form Hpp(yt, nch)/ρ¯
2
s
(thin curves) compared with a fixed Gaussian model
function in the form αHˆ0(yt) (bold dashed) with cen-
troid y¯t ≈ 2.65 and width σyt ≈ 0.45 and with coefficient
α ≈ 0.006 determined by the data-model comparison.
Integration of Eq. (1) over yt and angular average over
some acceptance ∆η near midrapidity results in the an-
gular density TCM ρ¯0 = ρ¯s + ρ¯h. Spectrum [1] and
angular-correlation [18] data reveal that soft and hard
angular densities are related by ρ¯h = αρ¯
2
s with α ≈ 0.006
within ∆η = 2 at 200 GeV. The two relations are equiva-
lent to a quadratic equation that uniquely defines ρ¯s and
ρ¯h in terms of ρ¯0 (when corrected for inefficiencies).
The soft-component Le´vy distribution Sˆ0(mt) is simi-
lar in form to a “power-law” model function that has been
used to fit pt or mt spectra [2]. However, a single Le´vy
function alone cannot describe p-p spectra accurately, as
demonstrated in Ref. [1]. The two-component spectrum
model of Eq. (1) is necessary to describe an ensemble of
pt spectra spanning a significant multiplicity interval.
C. TCM description of two-particle correlations
Physical interpretation of two phenomenological TCM
components (isolated via nch dependence) has proceeded
by several routes: (a) correspondence with predictions
based on measurements of isolated-jet properties [10],
(b) correspondence with other experimental results (e.g.
fluctuation measurements [26]) and (c) correspondence
with MB two-particle correlations on (yt, yt) [27, 28]
and (η∆, φ∆) [18, 19]. Two-particle correlations on
transverse-rapidity space (yt, yt) or angle-difference space
(η∆, φ∆) [difference variables on pseudorapidity and az-
imuth (η, φ)] provide direct evidence for a two-component
description of hadron production.
Figure 2 (left) shows correlations on (yt, yt) from 200
GeV NSD p-p collisions for pt ∈ [0.15, 6] GeV/c (yt ∈
[1, 4.5]) [27, 28]. Two peaked features can be identified
as TCM soft and hard components as follows. The lower-
yt peak falls mainly below 0.5 GeV/c (yt < 2) and con-
sists exclusively of unlike-sign (US) pairs. Corresponding
angular correlations consist of a narrow 1D peak on η∆
centered at the origin. The combination suggests longi-
tudinal fragmentation of low-x gluons to charge-neutral
hadron pairs closely spaced on η and consistent with spec-
trum soft component Spp(yt, nch) in Eq. (1). The higher-
yt peak extends mainly above 0.5 GeV/c with mode near
pt = 1 GeV/c (yt ≈ 2.65) and is consistent with spectrum
hard component Hpp(yt, nch) in Eq. (1).
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FIG. 2: (Color online) Two-particle correlations on (yt, yt)
and (η, φ) [27, 28]. Left: Minimum-bias correlated-pair den-
sity on 2D transverse-rapidity space (yt, yt) from 200 GeV p-p
collisions showing soft (smaller yt) and hard (larger yt) com-
ponents as peak structures. Right: Correlated-pair density on
2D angular difference space (η∆, φ∆). Although hadrons are
selected with pt ≈ 0.6 GeV/c (yt ≈ 2) features expected for
dijets are still observed: (i) same-side 2D peak representing
intrajet correlations and (ii) away-side 1D peak on azimuth
representing interjet (back-to-back jet) correlations.
Figure 2 (right) shows angular correlations for the
same collision system with the condition pt ≈ 0.6 GeV/c,
i.e. near the lower boundary of the (yt, yt) hard compo-
nent in the left panel. Despite the low hadron momen-
tum the observed angular correlations exhibit structure
expected for jets: a same-side (SS, |φ∆| < pi/2) 2D peak
representing intra jet correlations and an away-side (AS,
|φ∆ − pi| < pi/2) 1D peak representing inter jet (back-
to-back jet) correlations. The SS peak is dominated by
US pairs while the AS peak shows no preference, consis-
tent with fragmentation of back-to-back charge-neutral
gluons. In this study the TCM for p-p collisions (with
extensions to p-Pb and Pb-Pb) is applied to LHC p¯t data.
III. p¯t TCM FOR p-p COLLISIONS
As noted above, Ref. [20] established that a TCM for
ratio 〈pt〉 → p¯t = P¯t/nch provides a good description
of LHC data from p-p and Pb-Pb collisions at several
4energies, and the TCM provides hints as to the nature
of p-Pb p¯t variation – transitioning from a p-p trend to a
Pb-Pb trend with increasing nch.
However, certain assumptions for the analysis in
Ref. [20] arose from lack of information about spectrum
structure. The TCM parameter α relating soft and hard
densities ρ¯s and ρ¯h was well-established for 200 GeV p-p
collisions [1, 18] but undefined for other energies and was
therefore assumed to be independent of energy. Although
the ensemble-mean hard component p¯th for the 200 GeV
spectrum was known the values for other energies were
not available to constrain the previous p¯t analysis.
Reference [21] reports a recent study of p-p pt spectra
for a range of energies from 17 GeV to 13 TeV wherein a
detailed TCM is developed for spectrum variation with
nch and
√
s. Soft component Sˆ0(mt,
√
s) varies only
weakly with energy and not at all with nch, but hard com-
ponent Hˆ0(yt, ns,
√
s) varies strongly with energy (con-
sistent with jet properties) and significantly with nch (as
established with 200 GeV and 13 TeV spectra). pt spec-
trum evolution must have a direct correspondence with
p¯t trends. Results from Ref. [21] reviewed next are in-
corporated in this revised p¯t analysis updating Ref. [20].
A. Recent results from p-p pt spectrum studies
The dijet production trend ρ¯h ∝ ρ¯2s inferred from p-p
hadron spectra combined with ρ¯s ∝ ln(
√
s/10 GeV) [21]
describe jet-spectrum energy trends over large p-p
collision-energy and jet-energy intervals [25]. Predicted
jet-spectrum trends can then be combined with measured
and parametrized fragmentation functions (FFs) to pre-
dict spectrum hard component H(pt, nch,
√
s) [10].
Figure 3 (left) shows ratio H(pt,
√
s)/ρ¯s(
√
s) ≈
α(
√
s)ρ¯s(
√
s)Hˆ0(pt,
√
s) for NSD p-p collisions measuring
the spectrum hard component per soft-component hadron
corresponding (by hypothesis) to dijet production via
participant low-x gluons. The 13 TeV TCM solid curve
is compared to spectrum data (open points). The two
dotted curves are for 0.9 and 2.76 TeV and the dashed
curve is for 7 TeV. The 200 GeV summary includes nch
dependence of Hˆ0(yt, nch) for seven multiplicity classes
(thin solid curves). Corresponding data (solid points)
represent NSD p-p collisions. Isolated hard components
clarify spectrum energy evolution and its relation to di-
jet production. The predictions for six collision energies
(curves) are compared to data from four energies (13, 7,
0.9 and 0.2 TeV) in Ref. [25]. The overall result is a com-
prehensive description of dijet contributions to pt spectra
vs p-p collision energy over three orders of magnitude.
Figure 3 (right) shows ensemble-mean p¯th =∫
dptp
2
tH(pt,
√
s)/
∫
dptptH(pt,
√
s) for six energies
(solid points) derived from a TCM hard-component
model based on a symmetric Gaussian (see Sec. III C)
and corresponding to model parameters for ρ¯s ≈ 2ρ¯sNSD
from Ref. [21] denoted by p¯th → p¯th0. The dashed line is
a fit to the solid points with log(
√
s) dependence. The
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FIG. 3: Left: A survey of spectrum hard components over
the currently accessible energy range from threshold of di-
jet production (10 GeV) to LHC top energy (13 TeV). The
curves are determined by TCM parameters for NSD p-p colli-
sions from Ref. [30]. The 200 GeV fine solid curves illustrate
nch dependence. The points are from Refs. [18] (200 GeV)
and [30] (13 TeV). Right: Values for p¯th0 (solid points) in-
ferred from a symmetric TCM hard-component model with
parameters corresponding to ρ¯s ≈ 2ρ¯sNSD. The dashed line
is a fit by eye and open circles are values used in the present
study.
open points are p¯th0 values interpolated from the dashed
line for use in the present study.
Parameter α that relates soft and hard components of
hadron yields in p-p collisions is defined by ρ¯h ≈ αρ¯2s [1].
It is also related to jet systematics by
αρ¯2sNSD ≈ ρ¯hNSD ≈ (∆η)fNSD2n¯ch,j , (2)
where 2n¯ch,j is the mean hadron fragment multiplicity
per dijet averaged over a jet spectrum for given collision
energy [29] and fNSD = (1/σNSD)dσjet/dη is the dijet
frequency and η density per NSD p-p collision [10]. The
energy trends for those quantities, inferred from isolated-
jet data, can be used to predict an energy trend for α.
Combining various elements defined below the pre-
dicted α(
√
s) trend is
α(
√
s) ≈ (∆η)
σNSD
dσjet
dη
2n¯ch,j
ρ¯2sNSD
(3)
≈ 0.03∆ymax
32 + ∆y2b
× 2n¯ch,j(
√
s),
where ∆yb = ln(
√
s/10 GeV) represents an observed cut-
off of dijet production near
√
s = 10 GeV, and ∆ymax =
ln(
√
s/6 GeV) responds to an inferred infrared cutoff of
jet energy spectra near Ejet = 3 GeV [25]. Dijet ac-
ceptance factor  ≈ 0.6 is an estimate for ∆η = 1.5 -
2 [23] (but approaches 0.5 for smaller ∆η), and ρ¯sNSD ≈
0.8∆yb [30]. Systematic variation of n¯ch,j with p-p col-
lision energy is not well-defined by data at lower ener-
gies. In Ref. [30] a simple ln(
√
s) trend in the form
2n¯ch,j(
√
s) ≈ 3(1 + ∆ymax/10) is consistent with data.
Figure 4 (left) shows values for α(
√
s) (solid points)
obtained for 200 GeV and 13 TeV from Refs. [18, 30] re-
spectively. The solid curve is Eq. (3) above from Ref. [21]
5based on measured properties of isolated jets [25]. The
open points correspond to p¯t trends in the present study
(described below). The dashed curve is the solid curve re-
duced by factor ≈ 0.83 (≈ 0.5/0.6) corresponding to the
reduced angular acceptance ∆η = 0.6 in Ref. [3] com-
pared to previous results for ∆η = 2.0 [18].
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FIG. 4: Left: TCM hard-soft ratio parameter α deter-
mined by analysis of spectrum ratio data (solid points) from
Ref. [30]. The solid curve is Eq. (3) as defined in Ref. [21]. The
dashed curve is the solid curve reduced by factor 0.83. The
open circles are derived in the present study from p-p p¯t data
in Ref. [3]. Right: Efficiency parameter ξ vs cutoff parameter
pt,cut defined as a running integral of the unit-normal TCM
spectrum soft component Sˆ0(pt) with fixed slope parameter
T = 145 MeV. Other curves are explained in the text.
Figure 4 (right) shows the running integral∫∞
pt,cut
dptptSˆ0(pt) (solid curve) representing the ratio
ξ = n′s/ns < 1 of accepted to corrected soft-component
multiplicities, the efficiency factor due to a pt acceptance
cutoff at some lower pt,cut. In what follows primes
denote uncorrected quantities responding to the pt
cutoff. That curve is independent of
√
s or nch given
soft-component results in Ref. [21]. The vertical hatched
band marks the nominal acceptance cut for the analysis
in Ref. [3] corresponding to an expected acceptance
fraction ξ = 0.83. Results from Ref. [20] and the present
study indicate that the effective acceptance cut for p-p
data is actually closer to 0.17 GeV/c, and the measured
acceptance fraction is in the range 0.76 - 0.80 indicated
by the horizontal hatched band. The dashed curve
shows the strong increase of p¯′t soft component p¯
′
ts
with increasing pt cut, whereas the dash-dotted curve
shows the corresponding decrease in the total-pt soft
component P¯ ′ts (divided by the nominal NSD value
of soft component ns). The product P¯
′
ts = n
′
sp¯
′
ts is
relatively insensitive to a pt cut. In what follows it
is assumed that P¯ ′ts is a good approximation to the
full-acceptance value P¯ts (within 5%). It is also assumed
that hard components nh and P¯th are unaffected by the
typical pt,cut ≈ 0.15 GeV/c limit given Fig. 1 (right).
The 200 GeV result in Fig. 3 (left) includes variation
of TCM model Hˆ0(yt, nch) for seven multiplicity classes
(thin solid curves) derived in Ref. [21] from high-statistics
spectrum data [18] and used below to predict p¯th(ns,
√
s)
for two collision energies. nch dependence of the TCM
hard component is interpreted to reflect bias of the under-
lying jet energy spectrum by the imposed nch condition.
Figure 5 (left) shows TCM hard-component parame-
ters σyt+ (peak width above the mode) and q (power-law
exponent) as functions of soft-component charge-density
ratio ρ¯s/ρ¯sNSD for 200 GeV (lower) and 13 TeV (upper),
where ρ¯sNSD is the NSD soft density for each energy.
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FIG. 5: Left: Hard-component parameters varying with n′ch
or ρ¯s. The solid and dashed curves through parameter data
are as they appear in Ref. [21]. ρ¯s,ref = 2.5 for 200 GeV NSD
p-p collisions and 6 for 13 TeV INEL > 0 (inelastic events with
at least one charged particle accepted) collisions. The factor 2
in 2/q permits greater plot sensitivity. Right: Variation of the
Gaussian width below the hard-component mode σyt− (solid
points) for multiplicity classes n = 2-7 of 200 GeV spectra
that accommodates those data. The Gaussian width above
the mode σyt+ (open points) is included for comparison. Note
that the Gaussian model is symmetric for ρ¯s ≈ 5 ≈ 2ρ¯sNSD.
Figure 5 (right) shows TCM hard-component parame-
ter σyt− (peak width below the mode) for 200 GeV. Note
that for ρ¯s ≈ 2ρ¯sNSD ≈ 5, σyt+ and σyt− are the same –
the hard-component peak (its Gaussian part) is approx-
imately symmetric. The forms of the plotted variables
facilitate modeling with simple functions. These trends
are extended to describe p¯t(ns,
√
s) vs ρ¯s trends at two
energies in Sec. III C and App. A.
B. Updated p¯t TCM for p-p collisions
The quantities p¯th(ns,
√
s), α(
√
s) and the effective
detector-acceptance ratio ξ introduced above are used
in this subsection to update the p¯t TCM from Ref. [20].
The TCM for charge yields integrated within some an-
gular acceptance 2pi and ∆η (e.g. 0.6 for Ref. [3]) is
nch = ns + nh (4)
= ns[1 + x(ns)],
n′ch/ns = ξ + x(ns),
where x(ns) ≡ nh/ns ≈ αρ¯s is the ratio of hard-
component to soft-component yields [1] and α(
√
s) is
shown in Fig. 4 (left). The TCM for ensemble-mean inte-
grated total P¯t within acceptance ∆η from p-p collisions
6for given (nch,
√
s) is simply expressed as
P¯t = P¯ts + P¯th (5)
= nsp¯ts + nhp¯th.
The conventional intensive ratio of extensive quantities
p¯′t ≡
P¯ ′t
n′ch
≈ p¯ts + x(ns)p¯th(ns)
ξ + x(ns)
(6)
(assuming P¯ ′t ≈ P¯t) conflates two simple TCM trends
and in effect partially cancels MB dijet manifestations
apparent in the form of x(ns). Alternatively, the ratio
n′ch
ns
p¯′t ≈
P¯t
ns
= p¯ts + x(ns)p¯th(ns) (7)
≈ p¯ts + α(
√
s) ρ¯s p¯th(ns,
√
s)
preserves the simplicity of Eq. (5) and provides a conve-
nient basis for testing the TCM hypothesis precisely.
Figure 6 (left) shows p¯t data for four p-p collision ener-
gies from the RHIC (solid triangles [1]), the Spp¯S (open
boxes [2])1and the LHC (upper points [3]) increasing
monotonically with charge density ρ¯0 = nch/∆η. The
lower points and curves correspond to full pt acceptance.
For acceptance extending down to zero (ξ = 1), p¯′t → p¯t
in Eq. (6) should vary between the universal lower limit
p¯ts ≈ 0.40 GeV/c (nch → 0) and ≈ p¯th0 (nch → ∞) as
limiting cases. For a lower-pt cut pt,cut > 0 the lower
limit is p¯′ts = p¯ts/ξ (upper dotted lines) and the data are
systematically shifted upward (upper points and curves).
Solid curves represent the p-p p¯t TCM from this study.
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FIG. 6: Left: p¯t vs nch for several collision energies. The
upper group of points is from Ref. [3]. The lower 900 GeV data
from UA1 derived from a “power-law” spectrum model [2] fall
significantly above the TCM for that energy (solid curve) but
are consistent with the TCM form with amplitude adjusted.
The 200 GeV STAR data are spectrum integrals from Ref. [1].
Right: Data from the left panel multiplied by factor n′ch/ns
that removes a jet contribution to denominator n′ch of p¯
′
t and
the effect of a pt cut on its soft component.
1 The analysis of Ref. [2] inferred p¯t values by fitting a “power-
law” model function to pt spectra. Possible biases arising from
that method, especially at lower nch, are discussed in Ref. [1].
Figure 6 (right) shows data on the left transformed
via Eq. (7) to (n′ch/ns)p¯
′
t ≈ P¯t/ns (points). The TCM
curves undergo the same transformation and the slopes
of the resulting lines are α(
√
s)p¯th0(
√
s). Figure 7 (left)
shows quantity (n′ch/ns)p¯
′
t − p¯ts ≈ x(ns,
√
s)p¯th(ns,
√
s)
(points). The TCM lines are α(
√
s) ρ¯s p¯th0; the two fac-
tors multiplying ρ¯s are derived from pt spectrum data.
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FIG. 7: Left: Subtracting a universal soft compo-
nent p¯ts from data in Fig. 6 (right) isolates product
x(ns,
√
s)p¯th(ns,
√
s) according to Eq. (7). Right: Hard com-
ponents p¯th(ns) (points) isolated from data at left per Eq. (7).
The lines represent mean values p¯th0 extracted from p-p spec-
tra (Fig. 3, right). The p¯th(ns) data vary significantly about
the mean values as expected from results in Ref. [21] in the
next subsection.
Figure 7 (right) shows data in the left panel divided by
α(
√
s) ρ¯s to obtain p¯th(ns,
√
s) vs ρ¯s. The solid lines rep-
resent the p¯th0 values (open circles) in Fig. 3 (right) de-
rived from TCM spectrum hard components. Values for
α(
√
s) plotted as open circles in Fig. 4 (left) are consistent
with correspondence between p¯th(ns,
√
s) data (points)
and p¯th0 values (lines) as shown. The α(
√
s) values for
various energies and detector systems are quantitatively
consistent to a few percent given the differences in accep-
tance ∆η between experiments. Some nch dependence of
p¯th mean values was already expected based on results
from Refs. [1, 21] [see the corresponding 200 GeV hard-
component nch dependence (thin solid curves) in Fig. 3
(left)]. Note that there is substantial systematic disagree-
ment between Figure 7 (right) and the comparable figure
in Ref. [20] due to the incorrect assumption in the earlier
study that α is not energy dependent (the 200 GeV α
value 0.006 was retained for all collision energies).
C. nch-dependent TCM hard component
New information about the nch dependence of the
TCM spectrum hard component reported in Ref. [21] can
be applied to p¯th(ns) results in Fig. 7 (right). The p¯th(ns)
data for limiting cases 200 GeV and 7 TeV p-p collisions
are considered here. Details of the corresponding hard-
component model parameters are provided in App. A.
The TCM spectrum hard component on transverse ra-
pidity yt is modeled by a Gaussian with exponential tail
7(equivalent to a power-law trend on pt). The transi-
tion point from Gaussian to exponential is determined
by slope matching and depends therefore on the model
parameters. The hard-component model shape is deter-
mined by separate widths σyt+ and σyt− above and be-
low the peak mode and exponential parameter q, all of
which vary with control parameter ρ¯s = ns/∆η to ac-
commodate spectrum data as established in Ref. [21].
For ρ¯s < 15 the p¯th(ns) trend is dominated by σyt−(ns).
For ρ¯s > 15 the trend is dominated by σyt+(ns) and
q(ns). For higher energies only q(ns) matters because
the Gaussian-exponential transition is close to the mode.
Figure 8 (left) shows 200 GeV TCM hard-component
models for nine p-p multiplicity classes based on corre-
sponding parameter variations in App. A. The actual pa-
rameter values are determined by expressions provided in
App. A 1. The model functions accurately represent the
spectrum hard components in Fig. 1 (right) of this study
repeated from Ref. [18]. Estimates for p¯th(ns) can then
be obtained by integrating each model function.
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FIG. 8: Left: pt spectrum hard-component models for
200 GeV p-p collisions and a range of nch based on a TCM
parametrization from Ref. [21] reviewed in App. A. Right:
p¯th(ns) values inferred from 200 GeV p-p p¯t data appearing
in Fig. 7 (right) (points) compared to a p¯th(ns) trend (curve)
inferred from the model functions in the left panel.
Figure 8 (right) shows the 200 GeV p¯th(ns) data from
Fig. 7 (right) (points). The curve is determined by the
p¯th(ns) values obtained from the model functions in the
left panel. The correspondence between data values and
TCM curve is good and illustrates the accuracy of the
TCM description of 200 GeV spectrum data in Ref. [21].
Figure 9 (left) shows 13 TeV TCM hard-component
models for several p-p multiplicity classes. The param-
eter variation is determined by expressions provided in
App. A 2. Those expressions interpolate from 13 TeV as
in Fig. 16 (left) to 7 TeV and extrapolate on ρ¯s from the
rather limited 13 TeV multiplicity range in Ref. [30].
Figure 9 (right) shows 7 TeV p¯th(ns) data from Fig. 7
(right) (points). The curve is determined by the p¯th(ns)
values obtained from spectrum model functions at left.
Whereas the width above the mode σyt+ is just as deter-
mined in Ref. [21] power-law exponent q is freely fitted
to accommodate p¯th data for ρ¯s > 15. The form of width
below the mode σyt−(ns) (for which there is no informa-
tion from spectrum data) is maintained the same as that
10
-6
10
-5
10
-4
10
-3
10
-2
1 2 3 4 5
yt
α
H
0(y
t,n
ch
)
13 TeV p-p
0.9
1
1.1
1.2
1.3
1.4
1.5
0 10 20 30 40
ns / ∆η
p¯ th
 
(G
eV
/c)
7 TeV p-p
FIG. 9: Left: pt spectrum hard-component models for
13 TeV p-p collisions and a range of nch based on a TCM
parametrization from Ref. [21] reviewed in App. A compared
to spectrum data from Ref. [30] for inelastic p-p collisions
(points). Right: p¯th(ns) values inferred from 7 TeV p-p p¯t
data appearing in Fig. 7 (right) (points) compared to a p¯th(ns)
trend (curve) inferred from the model functions in the left
panel.
for 200 GeV, but the amplitude is increased by factor 2 to
accommodate the 7 TeV p¯th data for ρ¯s < 15. The cor-
respondence between p¯t data and TCM is again good. In
turn there is a quantitative correspondence between p-p
pt spectrum hard components and jet properties accurate
at the percent level. These detailed TCM results further
buttress the conclusion that ensemble-mean p¯t variation
is essentially completely determined by MB dijets.
D. p-p TCM conclusions
p-p collision data reveal that there are two principal
sources of hadrons: (a) fragmentation of low-x gluons
from dissociated projectile nucleons (soft component ρ¯s)
that emerge outside the collision space-time volume and
thus do not rescatter [31–34] and (b) jet fragments from
large-angle-scattered low-x gluons (hard component ρ¯h).
The two are simply related to results from late-seventies
fixed-target h-A experiments (soft) [32] and extensive jet
measurements over the past thirty years (hard) [25]. The
resulting TCM quantitatively describes all aspects of p-p
collisions including yields [21], spectra [1, 18] and correla-
tions [18, 27, 28] (except a nonjet quadrupole [18]). The
present study is fully consistent with that statement.
The hard-component angular density ρ¯h ≈ α(
√
s) ρ¯2s
represents the dijet fragment density determined pre-
cisely by soft component ρ¯s. The pt spectrum TCM hard
component and underlying jet energy spectrum evolve
according to the same rules [25]. Noneikonal: each par-
ticipant gluon in one proton can interact with any par-
ticipant gluon in the partner proton. The noneikonal
ρ¯h ∝ ρ¯2s trend for p-p collisions is the same for jet-related
angular correlations [18], inferred spectrum hard compo-
nent [1, 18] and p¯t hard component [20]. The noneikonal
trend implies that for large nch p-p collisions are very
jetty: for ρ¯s ≈ 10 ρ¯sNSD – implying a 100-fold increase
in dijet production – hard/soft ratio x is 0.15 at 200 GeV
8and 0.72 at 7 TeV. It also implies that the concepts of
centrality and impact parameter do not apply to p-p colli-
sions, as confirmed by measurements of a NJ quadrupole
component of 2D angular correlations (no eccentricity
dependence is evident) [18]. Instead, nch is determined
eventwise mainly by the fluctuating depth of the split-
ting cascade on momentum fraction x and consequent
production of low-x gluons within a projectile proton.
The pt-spectrum hard component is quantitatively re-
lated to measured properties of isolated jets [10, 18]. An
nch condition is observed to bias the underlying jet spec-
trum and thus the spectrum hard component [21] as in
Fig. 1 (right). Reference [20] and the present study es-
tablish a direct connection between p¯t hard component
p¯th(ns) and spectrum hard component H(pt, ns). That
connection is buttressed by observation of similar vari-
ation of p¯th(ns) with nch as in Figs. 8 and 9. The jet-
related ns dependence may correspond to the “change in
slope” referred to in Ref. [3] (in re its Fig. 1). The energy
dependence of p¯th0(
√
s) as in Fig. 3 (right) also corre-
sponds to isolated-jet properties as in Ref. [25]. Thus, a
variety of p-p data provide overwhelming evidence that
MB dijets dominate p-p collisions and p¯t(nch,
√
s) trends.
IV. p¯t TCM FOR p-Pb COLLISIONS
The TCM for A-A collisions relies on participant-pair
number Npart/2, number of N-N binary collisions Nbin
and mean number of binary collisions per participant pair
ν ≡ 2Nbin/Npart. As noted in Ref. [20] the p¯t trend for
p-Pb collisions is intermediate between p-p (at lower nch)
and Pb-Pb (at higher nch) suggesting a formulation of the
TCM for the p-Pb collision system based on the product
x(ns)ν(ns). For p-p collisions ν ≡ 1 and x(ns) ≈ αρ¯s
based on spectrum studies [1, 18]. For A-A collisions
ν has been defined by a Glauber Monte Carlo [35] and
x(ν) has been inferred from the trend of per-participant
hadron yields as in Fig. 12 below. The basis for a p-A
TCM is an intermediate generalization of x(ns)ν(ns).
A. Formulating a p-Pb TCM
A p-Pb TCM can be established based on the prod-
uct x(ns)ν(ns) with soft multiplicity ns (∝ total number
of participant low-x gluons) as the independent variable
for all collision systems. A general TCM for extensive
variable Z (e.g. total Pt integrated within some angular
acceptance) applicable to any A-B collision system can
be expressed as
Z = Zs + Zh (8)
=
Npart
2
nsNN zsNN +NbinnhNN zhNN
representing factorization between A-B geometry param-
eters and mean N-N hadron production within the A-B
system. For charge multiplicity the TCM relation is
nch = ns + nh (9)
=
Npart
2
nsNN (ns) +NbinnhNN (ns)
2
Npart
nch = nsNN (ns) [1 + x(ns)ν(ns)]
nch
ns
= 1 + x(ns)ν(ns)
n′ch
ns
= ξ + x(ns)ν(ns),
where p-p, p-A and A-A are possible collision systems,
x(ns) ≡ nhNN/nsNN ≈ αρ¯sNN (for p-p and p-A), ns =
[Npart(ns)/2]nsNN (ns) is a factorized soft-component
yield for any system (Npart/2 ≡ 1 for p-p) and nh(ns) =
Nbin(ns)nhNN (ns) is a factorized hard component.
The corresponding TCM for p¯′t with nonzero pt,cut is
p¯′t ≡
P¯ ′t
n′ch
≈ p¯ts + x(ns)ν(ns) p¯thNN (ns)
ξ + x(ns) ν(ns)
(10)
n′ch
ns
p¯′t ≈
P¯t
ns
= p¯ts + x(ns)ν(ns) p¯thNN (ns),
where p¯tsNN → p¯ts ≈ 0.4 GeV/c for all systems. Those
expressions go to the p-p equivalent as described in
Sec. III B when ν(ns) → 1. p-A data require evolution
of factors x(ns) ν(ns) from p-p-like to A-A-like behav-
ior near a transition point ρ¯s0, and it is assumed that
p¯thNN (ns)→ p¯th0 retains a fixed p-p (N-N) value in the
p-A system (no jet modification in small systems).
Soft density ρ¯s, representing (by hypothesis) partici-
pant low-x gluons, is observed to be the common TCM
parameter for all collision systems. The factorization
ρ¯s = ρ¯sNN (ns)Npart(ns)/2 (11)
then defines ρ¯sNN (ns) for any collision system wherein
Npart(ns)/2 is defined. Hard/soft yields are related by
parameter x(ns) ≡ nhNN (ns)/nsNN (ns). Collision “ge-
ometry” is represented by ν(ns) ≡ 2Nbin(ns)/Npart(ns).
(See Eq. (13) and surrounding text for further de-
tails.) For p-p collisions x(ns) ≈ αρ¯s represents a
noneikonal collision system [1, 18]. More generally
x(ns) ≈ αρ¯sNN (ns) for p-N collisions within p-A col-
lisions. It follows that Npart(ns)/2 = αρ¯s/x(ns) as-
suming some model for x(ns). For p-A collisions Npart,
Nbin = Npart − 1, and ν(ns) ≡ 2Nbin/Npart are then all
determined by x(ns) within a self-consistent p-A TCM.
Based on previous analysis in Ref. [20] p-Pb data indi-
cate that p¯t increases with nch according to a p-p trend
for lower nch but less rapidly above a transition point.
That behavior suggests a similar structure for x(ns). The
simplest case would be linear increase of x(ns) with ρ¯s
also above the transition point but with a reduced slope.
Figure 10 (left) shows a model for x(ns) in the form
x(ns) =
1
{[1/αρ¯s]n1 + [1/f(ns)]n1}1/n1
, (12)
9where f(ns) = α[ρ¯s0 + m0(ρ¯s − ρ¯s0)]. Below the transi-
tion at ρ¯s0, x(ns) = αρ¯s as for p-p collisions (dashed line).
Above the transition x(ns) varies with slope m0 < 1 (dot-
ted line). Exponent n1 controls the transition width.
Specific parameter values for x(ns) are inferred below.
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FIG. 10: Left: TCM parameter x(ns) vs ρ¯s = ns/∆η for
5 TeV p-Pb collisions (solid curve). The trend varies from
noneikonal αρ¯s (dashed line) to a continuing linear trend
with 10-fold reduced slope (dotted line). Right: TCM mean-
pathlength parameter ν(ns) (solid curve) derived from the
x(ns) trend in the left panel (see text). The dash-dotted
curve is ν(ns) for 2.76 TeV Pb-Pb collisions for comparison.
Figure 10 (right) shows ν ≡ 2Nbin/Npart for 5
TeV p-Pb data (solid curve) based on Npart(ns)/2 =
αρ¯s/x(ns) and Nbin = Npart − 1 as noted above, with
x(ns) as described in the left panel (solid curve). Within
the TCM ns or ρ¯s is the independent variable and other
parameters are defined relative to it. However, mea-
sured data are defined relative to observed n′ch or cor-
rected nch. The corresponding data ns must then be in-
ferred by inverting Eqs. (9) via linear interpolation. The
bold dotted curve in the right panel is ν(ns) derived for
data nch values. Congruence with the solid curve indi-
cates exact agreement. The dash-dotted curve presents
a ν ≈ (Npart/2)1/3 ≈ (ρ¯s/ρ¯sNSD)1/3 trend for 2.76
TeV Pb-Pb collisions for comparison, consistent with the
eikonal approximation assumed for the Glauber model.
Note that ν ∈ [1, 6] for Pb-Pb but ν ∈ [1, 2] for p-Pb.
The trends in Fig. 10 are consistent with the follow-
ing scenario: Increase of jet-related hadron production
in p-A collisions may proceed via two mechanisms de-
pending on control parameter ρ¯s: (a) increasing depth of
splitting cascades on momentum fraction x within single
p-N collision partners that increases ρ¯sNN (ns) ≈ ρ¯s with
peripheral p-A geometry or (b) increasing participant-
nucleon number Npart(ns) with increasing p-A centrality
and ρ¯sNN (ns) < ρ¯s. The relative contributions depend
on probabilities. Below transition point ρ¯s0 single p-N
collisions dominate and the noneikonal ρ¯hNN ∝ ρ¯2sNN
trend for dijet production observed in p-p collisions [18]
is determining. Above ρ¯s0 p-A centrality dominates and
increasing p-N binary-collision measure ν plays the de-
termining role in measuring dijet production.
B. TCM description of p-A p¯′t data
Figure 11 (left) shows p¯′t data for 5 TeV p-Pb collisions
vs corrected nch (points) from Ref. [3]. The dashed curve
is the TCM for 5 TeV p-p collisions defined by Eq. (6)
with α = 0.0113 derived from the parametrization in
Fig. 4 (left), p¯ts ≈ 0.40 GeV/c, p¯th0 ≈ 1.3 GeV/c and
ξ = 0.76. The solid curve through points is the TCM
described by Eqs. (10) and (12) with parameters α =
0.0113 and p¯th0 = 1.3 GeV/c held fixed as for 5 TeV
p-p collisions (assuming no jet modification). Parameters
ρ¯s0 ≈ 3ρ¯sNSD ≈ 15 and m0 ≈ 0.10 accurately describe
the p-A p¯t data. Exponent n1 = 5 affects the TCM shape
only near the transition point.
0.45
0.5
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0 50 100
nch / ∆η
¯
 p t
 ′ 
(G
eV
/c) p-p 5 TeV
5 TeV p-Pb
NSD
p¯ts ′
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 20 40 60 80
ns / ∆η
(n
ch
 ′/n
s)  
p¯ t 
′ 
(G
eV
/c)
NSD
p¯ts
p-p
5 TeV p-Pb
FIG. 11: Left: Uncorrected p¯′t data (points) vs corrected
ρ¯0 = nch/∆η for 5 TeV p-Pb collisions from Ref. [3]. The
dashed curve is the p-p p¯t TCM from Sec. III. The solid curve
is the TCM for 5 TeV Pb-Pb collisions derived in this section.
Right: Data from the left panel transformed to (n′ch/ns) p¯
′
t ≈
P¯t/ns (points). The p-p trend is a straight line in this format.
Figure 11 (right) shows data in the left panel converted
to (n′ch/ns) p¯
′
t ≈ P¯t/ns by factor ξ + x(ns)ν(ns) as in
Eq. (9) (fifth line). The dashed line is the TCM for 5
TeV p-p collisions defined by Eq. (7). The solid curve is
the p-Pb TCM defined by Eq. (10) (second line) derived
from the solid curve in the left panel. Transforming the
data from left to right panels requires an estimate of ns
for the data to evaluate the required conversion factor
ξ + x(ns)ν(ns). The map ns → nch for the TCM from
Eq. (9) (second line) is inverted via linear interpolation
to provide the map nch → ns for data. The accuracy of
the p-Pb TCM is apparent. There is little leeway in the
two-parameter (ρ¯s0,m0) p-A TCM once the p-p TCM is
established as in Sec. III.
C. p-Pb TCM conclusions
p-Pb p¯t data appear to confirm that the soft yield ns or
angular density ρ¯s representing participant low-x gluons
is the basic parameter unifying p-p, p-A and A-A collision
systems. Corresponding p-p spectrum soft component
Spp(pt, ns) is universal, and its ensemble mean p¯ts ≈ 0.40
GeV/c is equivalent to the same slope parameter T ≈
10
145 MeV for all systems, with minor variation of soft-
component Sˆ0(pt) exponent n vs collision energy [21].
p-Pb p¯t data also provide some understanding of the
transition from isolated N-N collisions to the geome-
try of compound A-B systems, from noneikonal p-p to
eikonal A-A Glauber model. Factorization of soft den-
sity ρ¯s = ρ¯sNN (ns)Npart(ns)/2 and hard density ρ¯h =
ρ¯hNN (ns)Nbin(ns) distinguishes N-N internal structure
(ρ¯sNN , ρ¯hNN ) from A-B geometry (Npart, Nbin),
ρ¯h(ns)
ρ¯s
=
ρ¯hNN (ns)
ρ¯sNN (ns)
Nbin(ns)
Npart(ns)/2
≡ x(ns)ν(ns).(13)
For the p-A TCM p-p noneikonal dijet production ap-
plied to p-A collisions averaged over N-N collisions and
described by ρ¯hNN = αρ¯
2
sNN is a key assumption, and
x(ns) ≈ αρ¯s
Npart/2
(14)
determines Npart(ns) given a model for x(ns). The p-A
x(ns) model is the simplest extrapolation of the p-p
x(ns) ≈ αρ¯s linear trend possible: a continuing linear
trend but with reduced slope beyond a transition point
as in Eq. (12). For p-A collisions the other Glauber
parameters are immediately determined therefrom as in
Sec. IV A above. The x(ns) and ν(ns) models for the p-A
TCM anticipate details for peripheral A-A collisions.
Generally, as charge multiplicity (and hence ns) in-
creases for a given A-B system the product x(ns) ν(ns)
measures key changes in hadron production. For p-p
collisions x(ns) ≈ αρ¯s carries essential information and
ν ≡ 1. For A-A collisions x(ns) is slowly varying (in the
absence of jet modifications) and large ν(ns) variation
measures A-A geometry evolution within the Glauber
model. As noted, the p-A case is intermediate with large
excursions of x(ns) while ν(ns) varies more slowly.
The p-Pb TCM indicates that MB dijets dominate p-A
collisions as they do p-p collisions because of the central
role played by the noneikonal ρ¯hNN ≈ αρ¯2sNN relation.
For the data in Fig. 11 the dijet yield for maximum value
ρ¯sNN = x(ns)/α ≈ 22 ≈ 4.4 × ρ¯sNSD is 20 times that
for NSD p-p collisions at the same energy. For 5 TeV p-p
collisions the equivalent factor is 50. The result is large
p¯t variations due to MB dijets as in Fig. 11, described
accurately by a simple p-Pb TCM with two fixed param-
eters (ρ¯s0,m0). In effect, p¯t variation with nch provides
an indicator to establish factorization between N-N dijet
production and the A-B Glauber description.
That result may be contrasted with a Glauber analy-
sis of p-Pb centrality in Ref. [36] based on the assump-
tion that “...the multiplicity of charged particles at mid-
rapidity [in p-Pb] scales linearly with the total number of
[nucleon] participants....” The assumption is equivalent
to the statement that all N-N collisions are the same,
which is contradicted by p-p data. The Glauber analy-
sis predicts rapid increase of Npart(nch) and ν(nch) for
lower nch in contrast to the inferred TCM p-Pb trend
for ν(ns) in Fig. 10 (right). In effect, the TCM product
x(ns)ν(ns) that describes various p-A trends, including
p¯t(nch), includes rapid increase of x(ns) (∝ ρ¯s) and slow
increase of ν(ns), whereas the Glauber analysis predicts
the opposite. The proper choice depends in part on mea-
sured dP/dnch for p-N (p-p) collisions, which is available
from Ref. [37], compared to the p-A Glauber dP/dNpart.
V. p¯t TCM FOR Pb-Pb COLLISIONS
Analysis of A-A collisions requires a description of A-A
geometry in terms of N-N binary collisions. A-A geome-
try is conventionally described by a Glauber Monte Carlo
model based on the eikonal approximation. The num-
ber of participant nucleons N is represented by Npart,
the number of N-N binary collisions by Nbin and the
number of binary collisions per participant pair by ν ≡
2Nbin/Npart ≈ (Npart/2)1/3 ∈ [1, 6] (for A ≈ 200).
Glauber parameters may be defined in terms of frac-
tional cross section σ/σ0 via power-law relations as in
Ref. [35]. The A-A Glauber model typically assumes
that all N-N encounters within A-A collisions are equiv-
alent, but in the present treatment the A-A description
for more-peripheral collisions is modified to reflect lessons
from p-Pb data presented in the previous section.
A. Pb-Pb nch TCM
The TCM for total charge nch integrated within an-
gular acceptance 2pi azimuth and ∆η pseudorapidity
is given by Eqs. (9). In contrast to the p-A case
x(ns) ≡ nhNN (ns)/nsNN (ns) can be estimated directly
from measured Pb-Pb yield data vs centrality, with ν vs
nch determined by the Glauber model for A-A collisions
following a two-step procedure as described below.
Figure 12 (left) shows per-participant-pair charge an-
gular density vs mean participant path length ν for 2.76
TeV Pb-Pb collisions (inverted triangles) [38]. The solid
curve is the nch TCM for Pb-Pb collisions from Eq. (9)
(third line) with x(ns) (derived below from data in this
figure) and ν(ns) described by the solid curves in Fig. 13.
The dash-dotted curve is derived from the corresponding
curve in Fig. 13 (right). The dashed line is a Glauber lin-
ear superposition (GLS) extrapolation from inelastic N-N
(p-p) collisions with x(ns) → xNSD (assuming that jets
are unmodified in A-A collisions). The upright triangle is
an NSD p-p reference. The bold dotted curve shows the
effect of multiplicity fluctuations for given A-A centrality
appearing at the endpoint (b ≈ 0) of the minimum-bias
distribution dσ/dnch [39], in this case corresponding to
|η| < 0.3 as in Ref. [3]. Fluctuation effects for this quan-
tity are larger for smaller η acceptance.
Figure 12 (right) shows values of x(ν) (points) inferred
from data in the left panel by inverting Eq. (9) (third line)
assuming ν vs centrality defined by the Pb-Pb Glauber
model and ρ¯sNN ≈ ρ¯sNSD ≈ 4.35 [30]. The bold dotted
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FIG. 12: Left: Per-participant-pair hadron production vs
centrality (binary collisions per participant pair ν) for 2.76
TeV Pb-Pb collisions (inverted solid triangles [38]) compared
to the TCM trend of Eq. (9) (third line, solid curve). The
dash-dotted curve is explained in the text. The upright tri-
angle is a 2.76 TeV NSD p-p reference. The GLS reference
(dashed) is an extrapolation of the peripheral N-N TCM as-
suming no jet modification. The bold dotted curve at right in-
dicates the effect of multiplicity fluctuations [39]. Right: Co-
efficient x(ν) (points) obtained by inverting data from the left
panel with Eq. (9) (third line), and the tanh model function
for x(ν) that generates the solid curve in the left panel (solid).
The bold dotted curve represents Eq. (15). The dashed curve
is the 200 GeV equivalent. The dash-dotted curve is explained
in the text. The hatched bands indicate STs (e.g. as observed
for 200 GeV jet-related correlations [19]).
curve is a TCM model function describing the data,
x(ν) = 0.045 + 0.097 {1 + tanh[(ν − 2.3)/0.5]} /2.(15)
with sharp transition (ST) near ν = 2.3 indicated by
the upper hatched band. The dashed curve is the x(ν)
trend for 200 GeV Au-Au collisions with ST near ν =
3 [19] (lower hatched band). Note that the central-to-
peripheral ratio of x values for 200 GeV ≈ 6 is twice
as large as that for 2.76 TeV ≈ 3 suggesting possibly
stronger jet modification for lower collision energies.
The dash-dotted curve (just visible) is the bold dotted
curve combined with the p-p trend x(ns) ≈ αρ¯s as in
Eq. (17) below. The solid curve corresponds to the p-p
trend extended beyond ρ¯sNSD to some transition point
ρ¯s0 (as for p-Pb collisions). These hadron production
data alone cannot determine ρ¯s0; an additional constraint
is identified below. The solid and dash-dotted curves
describing x(ν) in this panel are obtained by combining
the corresponding curves for x(ns) and ν(ns) derived in
the next subsection and shown in Fig. 13. The NSD
limiting values for ν ≈ 1 (dotted lines) are determined
by xNSD ≈ αρ¯sNSD, where α = 0.0103 from Fig. 4 (left)
and ρ¯sNSD = 4.35 from Ref. [30] give xNSD ≈ 0.045 for
2.76 TeV. The corresponding numbers for 200 GeV p-p
collisions are xNSD ≈ 0.006× 2.5 = 0.015.
B. Pb-Pb Glauber-model modifications from p-Pb
Figure 13 is modified from Fig. 10 to combine Glauber
A-A trends as in Eq. (15) with p-A trends from Sec. IV.
Figure 13 (left) shows mean participant pathlength
ν(ns) (solid curve), identical to the dash-dotted curve
in Fig. 10 (right), defined by
ν(ns) = {1 + [h(ns)]n3}1/n3 (16)
with h(ns) = (ρ¯s/ρ¯sNSD)
1/3, ρ¯sNSD = 4.35 and n3 = 5.
The h(ns) trend is determined by the naive A-A Glauber
model. Whereas the solid curve represents the TCM
with map ns → nch the bold dashed curve is defined
on data nch values with map nch → ns, by interpolation
via Eqs. (9), to demonstrate analysis consistency.
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FIG. 13: Left: Mean participant pathlength ν(ns) ≈
(ρ¯s/ρ¯sNSD)
1/3 (solid curve) for 2.76 TeV Pb-Pb collisions
consistent with the Glauber model based on an eikonal ap-
proximation [35]. Right: TCM parameter x(ns) derived from
a hadron production trend (bold dotted curve) equivalent to
the same curve on ν in Fig. 12 (right). The dash-dotted
curve (just visible) is the dotted curve combined with a p-p
noneikonal trend as in Eq. (17). The solid curve is the same
but with a transition point ρ¯s0 > ρ¯sNSD.
Figure 13 (right) shows the TCM hard/soft param-
eter x(ns) (solid curve) derived from p-Pb and Pb-Pb
data. For a naive Pb-Pb Glauber model and N-N linear
superposition (GLS) x(ns) would retain the NSD value
αρ¯sNSD = 0.0103 × 4.35 ≈ 0.045 (dotted line). The
hadron-yield centrality trend in Fig. 12 indicates that be-
cause of modifications to jet formation (“jet quenching”)
in A-A collisions x(ns) increases substantially [bold dot-
ted curve defined by Eq. (15)] indicating a rapid change
in jet properties [19] and thereafter remains constant for
more-central Pb-Pb collisions. The lessons from p-Pb col-
lisions for peripheral Pb-Pb collisions are as follows: (a)
For ρ¯s < ρ¯sNSD the p-p trend x(ns) ≈ αρ¯s (dashed line)
applies. Combination with the bold dotted curve leads to
the dash-dotted curve. (b) For ρ¯s > ρ¯sNSD x(ns) ≈ αρ¯s
may continue to some transition point ρ¯s0 (corresponding
to the N-N hatched band). To accommodate point (b)
the dash-dotted curve is transformed to the solid curve.
The full TCM expression for x(ns) in Fig. 13 is
x(ns) =
1
{[1/αρ¯s]n2 + [1/g(ns)]n2}1/n2
, (17)
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where αρ¯s is the p-p trend as in Eq. (12) but n2 = 3 and
g(ns) = xpp + (18)
(0.142− xpp){tanh[(ν(ns)− 2.38)/0.5] + 1}/2
with ν(ns) defined in the left panel. xpp ≈ 0.065 corre-
sponds to transition point ρ¯s0 = 6.3 (solid curve, N-N
hatched band). If ρ¯s0 → ρ¯sNSD = 4.35 then xpp → 0.045
(dash-dotted curve, NSD dotted line). Parameter val-
ues are inferred from Pb-Pb data. The curves in Fig. 13
(right) on ρ¯s and Fig. 12 (right) on ν(ns) are equivalent.
C. Formulating a Pb-Pb P¯t TCM
Referring to Eq. (8) the TCM for the ensemble mean
of extensive variable Z → Pt in A-A collisions is
2
Npart
P¯t(ns) = P¯tsNN (ns) + ν(ns) P¯thNN (ns) (19)
= nsNN (ns)[p¯ts + x(ns) ν(ns)p¯thNN (ns)],
where p¯ts ≈ 0.40 GeV/c [1] appears to be a common fea-
ture of all high-energy nuclear collisions [25]. The nomi-
nal value of nsNN (ns) is moot since it only appears here
in the product ns = (Npart/2)nsNN (ns). Both x(ns) and
p¯thNN (ns) are expected to evolve with A-A centrality per
jet modification, and the details for 2.76 TeV Pb-Pb col-
lisions are a goal of the present study (see Sec. VII A).
The Pb-Pb p¯′t data from Ref. [3] have the same general
TCM description as for p-Pb data
p¯′t ≡
P¯ ′t
n′ch
≈ P¯
′
tsNN + ν(ns)P¯thNN (ns)
n′sNN (ns) + ν(ns)nhNN (ns)
(20)
≈ p¯ts + x(ns) ν(ns)p¯thNN (ns)
ξ + x(ns)ν(ns)
,
where primes denote the effects of uncorrected data in-
tegrated over a pt interval with lower acceptance limit
pt,cut ≈ 0.15 GeV/c. The details of pt production can be
isolated by forming the product (n′ch/ns) p¯
′
t to obtain
n′ch
ns
p¯′t(ns) ≈
P¯t
ns
≈ p¯ts + x(ns) ν(ns) p¯thNN (ns).(21)
From ν(ns) and x(ns) as in Fig. 13 nch values can be
derived from any set of ns values via Eq. (9) (third line)
for TCM quantities. Given that relation the map nch →
ns for data values of nch is established by interpolation.
D. Pb-Pb p¯′t data and models
Figure 14 (left) shows p¯′t data from Ref. [3] for 2.76
TeV Pb-Pb collisions (open squares) and p-p collisions
(open circles) vs corrected nch in the form ρ¯0 = nch/∆η,
where the increase of p¯′t in A-A collisions was attributed
in that paper to radial flow increasing with collision cen-
trality: “most particles are part of a locally thermal-
ized medium exhibiting collective, hydrodynamic-type,
behavior.” The limiting case for small nch is p¯
′
ts =
p¯ts/ξ ≈ 0.515 GeV/c. The p-p dashed curve is defined
by Eq. (6). The Pb-Pb solid curve is the TCM defined
by Eq. (20) with x(ns) and ν(ns) defined by the solid
curves in Fig. 13 and p¯thNN (ns) defined below by the
solid curves in Fig. 15. There is no obvious manifes-
tation in this format of the ST near nch ≈ 70 (hatched
band) observed in Fig. 12 (right) near ν = 2.3. The dash-
dotted curve is a GLS reference defined by Eq. (20) with
x = 0.045 and p¯thNN = 1.1 GeV/c held fixed at NSD
values and no jet modification. The result is comparable
to the Pb-Pb HIJING trend in Fig. 3 of Ref. [3].
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FIG. 14: Left: p¯′t data for 2.76 TeV Pb-Pb collisions from
Ref. [3] (open squares). The open circles and dashed curve are
p-p data and TCM from Sec. III. The solid curve is the Pb-Pb
TCM. The dash-dotted curve is a GLS reference assuming all
N-N collisions are equivalent to NSD p-p collisions and scale
according to the Glauber model of Pb-Pb collisions following
the eikonal approximation. The lower hatched band estimates
p¯′ts ≈ p¯ts/ξ. The upper hatched band indicates the location
on nch of a ST appearing in Fig. 12 (right) on ν. Right: The
product x(ns) p¯thNN (ns) ≈ [P¯t(ns)/ns− p¯ts]/ν(ns) extracted
from data and TCMs in the left panel according to Eq. (21),
with xNSD p¯thNSD ≈ 0.045× 1.1 ≈ 0.05 GeV/c (dotted) and
xNN p¯thNN ≈ 0.065×1.28 = 0.083 GeV/c (hatched). The ST
is apparent in this format but not in the left panel.
Figure 14 (right) shows data from the left panel trans-
formed (points) according to the expression
x(ns) p¯thNN (ns) ≈ 1
ν(ns)
[
n′ch
ns
p¯′t(ns)− p¯ts
]
(22)
with ν(ns) defined by the solid curve in Fig. 13 (left) to
isolate a product relevant to pt production via MB dijets
in a relatively model-independent way. In this differential
format the ST near ρ¯s ≈ 58 for 2.76 TeV Pb-Pb collisions
is evident. The same product for NSD N-N collisions is
x(ns) p¯thNN (ns) → αρ¯sNSD p¯thNSD (23)
≈ 0.0103× 4.35× 1.1 ≈ 0.05 GeV/c
indicated by the dotted line. The hatched band rep-
resents a N-N reference with ρ¯s → ρ¯s0 ≈ 6.3 and
p¯thNN → p¯th0 ≈ 1.28 GeV/c; the product above then
goes to 0.083 GeV/c. Given a TCM expression for x(ns),
data in the right panel can be used to obtain p¯thNN (ns).
It is interesting that x(ns) p¯thNN (ns) ≈ P¯thNN (ns)/ns,
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the total p¯t hard component per N-N collision and per
soft hadron measuring the dijet contribution to p¯t, in-
creases substantially with centrality in Pb-Pb collisions.
Figure 15 (left) shows the Pb-Pb data in Fig. 14
(right) divided by x(ns) defined by the solid curve in
Fig. 13 (right). The bold dotted curve (just visible) rep-
resents the 2.76 TeV p-p p¯th(ns) data from Fig. 7 (right).
The horizontal hatched band represents the pth0 ≈ 1.28
GeV/c p-p value from Fig. 3 (right). For more-central
collisions the data approach asymptotically a lower limit
0.93 GeV/c (dashed line). The 200 GeV value p¯t0 ≈ 1.13
GeV/c is included for comparison (right dotted line).
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FIG. 15: Left: p¯t hard component p¯thNN (ns) (points) in-
ferred from 2.76 TeV Pb-Pb p¯′t data by inverting Eq. (20)
with TCM parameters x(ns) and ν(ns) defined in Fig. 13.
The solid curve is defined by Eq. (24). Right: Data and curves
in the left panel in a log-log format. The dash-dotted curve
indicates where the data points would lie if the dash-dotted
x(ns) curve in Fig. 13 (right) were used to transform the p¯
′
t
data. The bold dotted curve in both panels is the 2.76 TeV
p-p data trend from Fig. 7 (right) used to define transition
point ρ¯s0 = 6.3.
Figure 15 (right) is the left panel replotted in a log-log
format covering the entire centrality range of Pb-Pb col-
lisions up to b = 0 (most central) and providing a more-
detailed view of the peripheral region. The most-central
asymptotic limit 0.93 GeV/c (dashed line) is about 73%
of p¯th0 ≈ 1.28 GeV/c. The dash-dotted curve is the trend
the data would follow if transformed by the dash-dotted
curve for x(ns) in Fig. 13 (right) without extension of the
p-p trend to some ρ¯s0 > ρ¯sNSD. The inferred p¯thNN (ns)
trend would then disagree with the measured p-p trend
(bold dotted curve). The assumed criterion that the
p¯thNN (ns) trend in peripheral Pb-Pb collisions should
match the p¯th(ns) trend in p-p collisions determines the
value ρ¯s0 = 6.3 marking a transition from isolated N-N
collisions to the A-A Glauber model that defines the
x(ns) solid curve in Fig. 13 (right). A parametrization
of the pthNN (ns) data (solid curve) is given by
p¯thNN (ns) = {1 + tanh[(ρ¯s + 3.5)/14]}/2× (24)
1.53 (1− 0.39{1 + tanh[(ρ¯s − 34)/36]}/2) .
The expressions for ν(ns) in Eq. (16), x(ns) in Eq. (17)
and p¯thNN (ns) in Eq. (24) combined in universal Eq. (10)
constitute the TCM for p¯t data from 2.76 TeV Pb-Pb
collisions that defines all solid curves in this section.
E. Pb-Pb TCM conclusions
For A-A collisions the trends Nbin ≈ (Npart/2)4/3 and
ν ≈ (Npart/2)1/3 are manifestations of the naive eikonal-
based Glauber model that serves as the preferred A-A
centrality estimator assuming that all N-N encounters
are the same [i.e. ρsNN (ns) ≈ ρ¯sNSD]. But that assump-
tion and certain details for peripheral collisions should
be revisited based on p-p and p-Pb experience described
above. The transition from noneikonal p-p to eikonal A-A
as limiting cases is important for any A-B system.
A-A collisions manifest two transitions: (a) from p-p
(or N-N) to A-B geometry still retaining “in-vacuum” jet
formation and (b) onset of jet modification at a ST not
evident in p-A collisions. Two analysis questions thus
emerge: (a) For more-peripheral A-B collisions where
is the transition point ρ¯so between p-p and alternative
trends? (b) For more-central collisions where (and how)
do jet properties transition from “in-vacuum” jet produc-
tion to the jet modification observed in A-A near ST?
For case (a) p-Pb data establish an essential interme-
diary for the Pb-Pb model, but ρ¯s0 appears substantially
lower: ≈ 1.45 ρ¯sNSD in Pb-Pb vs 3 ρ¯sNSD in p-Pb. For
case (b) hadron production trends as in Fig. 12 are deter-
mining. Thus, p-Pb results determine the Pb-Pb model
for ρ¯s < 30, and measured hadron production plus naive
Glauber determine the model for ρ¯s > 30. Those state-
ments apply to model elements x(ns) and ν(ns). It then
remains to characterize hard component p¯thNN (ns) de-
rived from Pb-Pb p¯t data, as in Fig. 15 and Eq. (24).
The resulting TCM hard-component yield (jet frag-
ments) per N-N collision increases with centrality in
Pb-Pb collisions (relative to NSD) by a factor three
(Fig. 12) whereas the p¯t hard component is only reduced
by factor 0.85 (Fig. 15). Total-pt hard component per soft
hadron (low-x gluon) P¯thNN/ns thus increases by factor
2.5 from peripheral (NSD p-p) to central A-A (Fig. 14),
a large increase in specific (N-N) momentum transport
from longitudinal to transverse phase space attributable
to large-angle parton scattering and MB jet formation.
VI. SYSTEMATIC UNCERTAINTIES
The p¯t TCM presented in this study includes quantities
p¯ts, ξ, x(ns), ν(ns) and p¯thNN (ns). This section reviews
uncertainties in those quantities for each collision system.
A. Uncertainties for particle data
Statistical uncertainties are not relevant for LHC data,
as evident for instance in Figs. 6, 11 and 14. Princi-
pal uncertainties are then systematic. Since p¯t is a ratio
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most systematic effects (e.g. tracking errors) cancel. The
main issue is a vertical offset to p¯′t data due to the effec-
tive lower-pt cutoff which is not reported by experiments.
That uncertainty is addressed in the next subsection.
B. Uncertainties for p-p TCM
The p-p spectrum TCM in Sec. III is required by data
as demonstrated in Refs. [1, 18]. Alternative spectrum
models might be tuned to describe a particular spec-
trum but cannot describe the nch dependence of spec-
trum structure [21, 25]. The same comment then applies
to the statistic p¯t derived implicitly from pt spectra.
Given the approximately linear TCM demonstrated in
Fig. 7 (left) the basic issues are uncertainties in the TCM
intercept and slope. For uncorrected data in Fig. 6 (left)
the observed nch → 0 intercept is p¯′ts = p¯ts/ξ ≈ 0.515
GeV/c. A 5% uncertainty in p¯ts = 0.40 ± 0.02 GeV/c
determines the uncertainty in ξ which corresponds to a
10% uncertainty in pt,cut or 0.17±0.02 GeV/c as expected
for TCM tracking inefficiency (Fig. 4, right). Given the
lower limit pt,cut = 0.15 GeV/c the upper limit on ξ is
0.83 as in Fig. 4 (right). Given the observed p¯′ts ≈ 0.515
GeV/c the upper limit on p¯ts is then 0.83 times 0.515
= 0.425 GeV/c. Reported in [1] is 0.385 GeV/c. The
adopted estimate for this analysis as noted above is p¯ts =
0.40± 0.02 GeV/c corresponding to ξ = 0.77± 0.04.
The observed p-p TCM slope is the product of factors
α(
√
s)p¯th0. p¯th0 is predicted by measure pt spectra with
few-percent accuracy as in Fig. 3. Values of α(
√
s) then
inferred from p-p p¯t data as in Fig. 4 (left) are consistent
with previous spectrum analysis, and the energy depen-
dence is consistent with jet measurements.
A novel feature of p-p collisions is the noneikonal trend
for dijet production ρ¯h ∝ ρ¯2s indicating that each partici-
pant parton (gluon) in one proton may interact with any
participant in the partner proton, hence the quadratic
dependence. In the eikonal approximation the expected
trend would be approximately ρ¯h ∝ ρ¯4/3s . The noneikonal
trend is manifested as the linear P¯t/ns trend in Fig. 7
(left) over an nch interval corresponding to 100-fold in-
crease in dijet production. The same trend is followed
precisely for spectra [21] and angular correlations [18].
A second feature is the nch dependence of p¯th(ns) as in
Fig. 7 (right) which might be interpreted as breakdown of
noneikonal linearity (constant slope) of the P¯t/ns trend.
However, as demonstrated in Figs. 8 and 9 (right) the nch
dependence corresponds precisely to measured variation
of the spectrum hard component attributed to bias of
the underlying jet spectrum as measured by Figs. 5 and
16 [21]. The small deviations between data points and
solid curves in Figs. 8 and 9 indicate the overall self-
consistency of the p-p TCM at the few-percent level.
C. Uncertainties for p-Pb TCM
For p-Pb collisions the x(ns) model completely defines
the TCM since all other quantities can be derived there-
from. The p-Pb p¯t trend below transition point ρ¯s0 fol-
lows the p-p trend with x(ns) ≈ αρ¯s and inherits the
p-p uncertainties described above. Above the transition
point the x(ns) model is a conjecture based on the sim-
plest alternative: continued linear increase but with re-
duced slope. The TCM then has two adjustable param-
eters (ρ¯s0,m0) with which to accommodate p¯t data and
does so at the percent level as demonstrated in Fig. 11.
The observed p¯′ts ≈ 0.525± 0.01 GeV/c for p-Pb data
in Fig. 11 (left) with ξ ≈ 0.76 is consistent with the
p¯′ts ≈ 0.515±0.01 GeV/c for various p-p systems in Fig. 6
(left) (corresponding to ξ ≈ 0.78 and pt,cut ≈ 0.17 GeV/c
in Fig. 4, right) within few-percent uncertainties.
The route from x(ns) to other TCM elements involves
three basic assumptions: (a) The factorization in Eq. (11)
reflects a collision model wherein imposition of an nch
condition on p-A events leads to a compromise between
higher individual N-N multiplicity and more N-N binary
collisions, depending in turn on probability distributions
on nch for individual N-N collisions and on Npart within
p-A collisions. (b) The expression ρ¯hNN ≈ αρ¯2sNN de-
rived from isolated p-p collisions is still valid for N-N
collisions within p-A collisions. (c) The inferred parame-
ters Npart, Nbin and ν based on the first two assumptions
are meaningful in terms of p-A collision geometry in the
sense of the Glauber model of composite collisions.
D. Uncertainties for Pb-Pb TCM
For A-A collisions TCM functions ν(ns) and x(ns)
can be derived independently. Mean participant path-
length ν is defined by geometry parameters Npart and
Nbin which can be inferred for more-central A-A collisions
from a naive Glauber model based on the eikonal approx-
imation. The trend ν ≈ (Npart/2)1/3 is observed [35].
Npart is in turn related to parameter ns by factorization
ρ¯s = [Npart(ns)/2] ρ¯sNN (ns). Conventionally, ρ¯sNN is
assumed to have a fixed value within the A-A Glauber
model corresponding to inelastic or NSD p-p collisions.
For Pb-Pb p¯t data ρ¯sNN ≈ ρ¯sNSD is assumed and ρ¯s
is mapped to nch via Eqs. (9) given x(ns) and ν(ns).
However, when applied to asymmetric systems such as
p-A [36] that assumption is incorrect (see Sec. IV).
x(ns) can be determined for more-central A-A colli-
sions (at and above the ST) from the measured cen-
trality trend of hadron production as in Fig. 14 (right)
with uncertainty depending on the accuracy of such data.
However, the centrality of more-peripheral collisions (be-
low the ST) is poorly determined and information about
x(ns) must be obtained elsewhere, e.g. p-p and p-A data.
Specifically, x(ns) below the ST is assumed to have a
trend similar to that for p-Pb data but with possibly dif-
ferent transition point ρ¯s0 which must then be derived
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from Pb-Pb data. That determination in turn depends
on p-p p¯th(ns) data as in Figs. 7 (right) and 15 (right)
such that ρ¯s0 ≈ 6.3 is determined to a few percent.
In Fig. 14 (left) the observed p¯′ts ≈ 0.515 GeV/c for
Pb-Pb data agrees with the p-p and p-Pb values noted
above within uncertainties, indicating consistent detector
performance and tracking analysis parameters. As with
p-Pb data the Pb-Pb data are congruent with p-p data
for nch near and below the NSD value.
Given the conjecture Npart(nch) ≈ ρ¯s/ρ¯sNN (ns) con-
sistent with Eq. (11) a principal uncertainty in Fig. 14
(right) arises from the model for ν(ns) ≈ (Npart/2)1/3,
which depends on applicability of the naive Glauber
model to more-central A-A collisions, and the specific
value of ρ¯sNN (ns) used to define ν(ns) in Eq. (16). The
choice ρ¯sNN (ns) ≈ ρ¯sNSD is imposed by Fig. 12 (left)
where up to ν = 2 the trend for (2/Npart)ρ¯0 in Eq. (9)
(third line) is consistent with ρsNN (ns) < 1.1 ρ¯sNSD
since x(ns)ν(ns) ≈ 0.05 - 0.1 in that interval. And that
choice leads to ν(ns) in Fig. 13 (left) consistent with
Glauber Monte Carlo calculations to a few percent.
Given the assignment ρ¯sNN → ρ¯sNSD the 50% increase
in x(ns) over its NSD value cannot then rely on the linear
relation x(ns) ≈ αρ¯s continuing past the NSD value as in
p-A collisions. It must arise from a different mechanism
in peripheral Pb-Pb introducing significant uncertainty
for the TCM in peripheral A-A collisions that might be
resolved by more-detailed peripheral data. It is inter-
esting that the peripheral Pb-Pb p¯t data trends (open
squares) in Fig. 14 follow the observed p-p trends (open
circles) and the p-p TCM within small data uncertainties.
For central Pb-Pb Npart/2 ≈ 200 to a few percent and
ν ≈ 5.9 as a result. Given the b = 0 value (2/Npart)ρ¯0 ≈
8 in Fig. 12 (left) the corresponding saturation value for
x(ns) in the right panel is (8/4.35 − 1)/5.9 = 0.142 per
Eq. (9) (second line) also determined to a few percent.
In Fig. 15 the saturation (central) value for p¯thNN (ns)
is obtained from Figs. 12 (right) and 14 (right) as 0.132
/ 0.142 = 0.93, one of the main results of the Pb-Pb
analysis. The ST is evident at ρ¯s ≈ 58 (but not in the
p¯′t trend of Fig. 14, left), corresponding to ν ≈ 2.3 as
in Fig. 12 (right). The main uncertainty in this figure
occurs for peripheral collisions. The dash-dotted curve
in the right panel describes the data trend below the ST
resulting if the bold dotted trend for x(ns) in Fig. 12
(right) were employed, which would seem to be consis-
tent with the assignment ρ¯sNN (ns) ≈ ρ¯sNSD required by
Fig. 12 (left). However, that trend is inconsistent with
the p-p p¯th(ns) trend in Fig. 7 (right) denoted by the bold
dotted curves in this figure that might be expected for
isolated p-N collisions in very peripheral p-A. The TCM
is then consistent only if the relation x(ns) ≈ αρ¯sNN (ns)
is relaxed in the A-A environment. As expected, jet for-
mation is altered above the ST (“jet quenching”), but
dijet production in N-N may already be strongly affected
below the ST within peripheral A-A collisions.
E. Uncertainties for A-B centrality determination
The evolution of dijet production (both production
rate and jet characteristics) from “in-vacuum” p-p to pe-
ripheral A-A collisions is not well defined: Jet charac-
teristics in p-p collisions are already strongly modified
from truly in-vacuum (e.g. q-q¯) jets from e+-e− colli-
sions [10, 29], popular measures of jet characteristics such
as RAA provide incomplete and possibly misleading in-
formation [22], and determination of A-A centrality is
least accurate for peripheral collisions [35] with no corre-
spondence for (noneikonal) p-p collisions.
In principle, centrality (i.e. impact parameter b) for
any composite collision system A-B might be derived
from a Glauber Monte Carlo (MC) model simulation
based on the eikonal approximation: partons within pro-
jectile nucleons or nucleons within nuclei travel along re-
solved (in the transverse plane) straight-line trajectories
through the collision partner. However, yield, spectrum
and correlation data indicate that the eikonal approxi-
mation does not apply to p-p collisions based on [18] (a)
the ρ¯h ∝ ρ¯2s trend for MB dijet production and (b) no
evidence for p-p eccentricity variation from a quadrupole
correlation component. The concept of centrality or im-
pact parameter is then not relevant to p-p collisions.
Eventwise fluctuations in charge multiplicity and dijet
production for p-p collisions may result from varying pen-
etration depth of virtual splitting cascades on momentum
fraction x within projectile nucleons.
A Glauber-model determination of A-A centrality re-
lies on correspondence between fractional cross section
σ/σ0 vs Npart determined from the MC and σ/σ0 vs nch
inferred from a MB distribution on nch. One directly
observes dP/dnch, a probability (normalized event fre-
quency) distribution on nch. Any map from dP/dnch to
dσ/dnch is model dependent, for instance based on the
assumption that all N-N collisions are the same, or at
least that all nucleon projectiles are the same. Central-
ity may be estimated e.g. by “[a]ssuming that the aver-
age...multiplicity [nx] is proportional to the number of
participants [Npart] in an individual pA collision...” [36].
However, as observed for p-p collisions eventwise nu-
cleon structure in N-N collisions may fluctuate strongly,
and any imposed “centrality” condition may then bias
the number of gluon participants in N-N collisions. The
assumed correspondence between nx and Npart in the
quoted statement depends on how one defines “partici-
pant” and nx. The statement may be correct if “partic-
ipants” are low-x gluons and nx is ns, but is probably
incorrect if “participant” means participant nucleon and
nx is nch. The fundamental issue is the nature of factor-
ization in Eq. (11). The p-A p¯t data in this study indicate
that the correspondence between measured probability
(frequency) distribution dP/dnch and A-B geometry in
the form (1/σ0)dσ/dnch is quite uncertain, especially for
small (p-p) and/or asymmetric (p-A) systems.
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F. Overall accuracy of the p¯t TCM
This study demonstrates that within a TCM context
precise high-statistics p¯t data are easily and accurately
described by simple functional forms interpretable in
terms of standard QCD processes. Multiplicity depen-
dence of p-p spectra over the largest possible interval is
essential to achieve an accurate TCM. A detailed picture
emerges of the transition from noneikonal N-N to p-A
and peripheral A-A to Glauber-dominated A-A.
Good accuracy is achievable if a model is well matched
in its degrees of freedom to the information carried by
data. Key elements of the TCM were initially devel-
oped by model-independent inductive analysis of spec-
trum data wherein the simplicity of spectrum nch depen-
dence (only a few degrees of freedom) was discovered. In-
terpretation of model elements led to the realization that
adopting soft component ns or ρ¯s as the independent
model parameter ensures a coherent description of p-p,
p-A and A-A systems with low-x gluons as the common
basis, in isolated N-N collisions and in A-B collisions.
The accuracy and simplicity of the TCM as presented
here is contrasted with certain assumptions regarding A-
B collision geometry (e.g. applying a Glauber model to
p-A data [36]), assumption of total nch as the basic pa-
rameter [40] or introduction of complex, parametrized
Monte Carlos based on a priori assumptions [12, 14].
VII. DISCUSSION
As noted in Ref. [3] there are striking differences be-
tween p¯t vs nch trends in p-p and A-A collisions. p¯t in-
creases strongly with nch for p-p collisions but much less
rapidly for A-A collisions. The p-A trend is intermediate.
The p¯t increase in A-A collisions is conventionally at-
tributed to radial flow: “In central Au+Au collisions the
flattening of the spectra [and hence increase in p¯t] is likely
dominated by collective transverse radial flow, developed
due to the large pressure buildup in the early stage of
heavy-ion collisions” [4]. That interpretation has been
extended recently to p-A data to conclude that radial
flow may be larger in smaller systems [6]. In contrast, the
TCM as applied to any A-B collision system provides a
self-consistent description of two main hadron production
mechanisms inferred from data: soft (projectile-nucleon
dissociation) and hard (large-angle parton scattering to
jets). The p¯t soft component is universal – fixed at
p¯ts ≈ 0.4 GeV/c and consistent with h-A fixed-target re-
sults [31, 32]. Hard component p¯th(ns,
√
s) corresponds
to measured jet characteristics, with a noneikonal trend
in p-p and a Glauber trend plus jet modification in A-A.
A flow component is not required for the TCM data de-
scription. This study addresses apparent contradictions.
A. Large p¯t values indicate MB dijets
Uncorrected p¯′t ≡ P¯ ′t/n′ch is an intensive ratio moti-
vated in part by hopes to estimate the “temperature” of a
thermalized QGP (e.g. measurement of eventwise mean-
pt fluctuations might test thermal equilibrium [41]). The
intensive p¯′t ratio tends to mix characteristics of two ex-
tensive variables P¯t and nch and includes the effects of a
low-pt acceptance cutoff (near 0.15 GeV/c for the data
used in this study). In contrast, extensive and corrected
quantity P¯t is more simply modeled (in terms of TCM
soft component ρ¯s as a basic parameter) and more inter-
pretable, as demonstrated in this study.
Given the introductory text for this section what does
strong p¯t variation and its relative extent in p-p, p-A and
A-A systems imply? Is p¯t variation due to radial flow
or MB dijets or some combination of other mechanisms?
The basic issue is how longitudinal momentum in the
initial state is transported to transverse phase space in
the final state and with what efficiency: parton scattering
to dijets vs strong multiple rescattering leading to flows.
Jet production is a signature manifestation of QCD in
high-energy nuclear collisions [42, 43], whereas flows (as
conventionally described) rely on copious (parton and/or
hadron) rescattering and high matter/energy densities to
produce the large gradients required to drive flow phe-
nomenon [5]. Thus, one should assume that jet produc-
tion is the dominant transport mechanism until proven
otherwise. That choice might resolve the counterintuitive
conclusion of larger flows in smaller systems.
However, evidence from spectrum and correlation data
provides a stronger argument in favor of jets. Jet-related
angular correlations and the spectrum hard component
from p-p collisions clearly manifest a ρ¯h ∝ ρ¯2s multiplic-
ity dependence followed precisely over a large multiplicity
interval. In a jet context that trend can be interpreted
as noneikonal response to a low-x gluon flux represented
by ρ¯s. The eikonal response would be ρ¯h ∝ ρ¯4/3s as in the
Glauber model [35]. Parameter x(ns) ≡ ρ¯h/ρ¯s measur-
ing “jettiness” is then largest for noneikonal p-p collisions
and smallest for eikonal A-A collisions with p-A collisions
intermediate. The p¯t data for several A-B systems actu-
ally inform us about centrality issues and dijet produc-
tion as opposed to flow mechanisms, thus resolving the
apparent paradox introduced by a flow interpretation.
For A-A collisions the relatively lower “jettiness” may
make the final state appear softer, more “thermal” in ac-
cord with QGP expectations. But the absolute number of
jets resolved in the final state can be much larger than in
p-p or p-A. Both TCM parameters x(ns) and p¯thNN (ns)
are expected to evolve with A-A centrality per jet modi-
fication, and those details for 2.76 TeV Pb-Pb collisions
(one goal of the present study) are reported in Sec. V.
Jet structure changes in A-A quantitatively in two
ways: (a) Fragmentation functions are softened in a man-
ner still described by the DGLAP equations [44]. Only
the gluon splitting function coefficient is increased, by
10% [10]. (b) The same-side 2D jet peak in angular cor-
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relations is modified by elongation on η (but not on φ)
and possible development of long tails for higher parton
energies [19]. Those modifications are consistent with p¯t
TCM trends reported in Sec. V D but are not consistent
with expectations for jet “quenching” in a dense medium.
B. Comparisons with Monte Carlo models
In Ref. [3] several Monte Carlo models are compared
to p¯t vs nch data for three A-B systems: “For pp col-
lisions, this [the strong increase in p¯t with nch] could
be attributed, within a model of hadronizing strings, to
multiple-parton interactions [MPIs] and to a final-state
color reconnection [CR] mechanism. The data in p-Pb
and Pb-Pb collisions cannot be described by an incoher-
ent superposition of nucleon-nucleon collisions and pose
a challenge to most [all] of the event generators.” Three
MCs are closely related: PYTHIA [12] is a popular p-p
model emphasizing MPIs, with default and CR options.
HIJING [9] is default PYTHIA coupled to the Glauber
model of A-A collision geometry. AMPT [15] is HIJING
with string-melting and final-state rescattering options.
Some relevant specifics of PYTHIA are addressed below.
The historical development of PYTHIA from the mid
eighties has been reviewed recently [14]. Several criti-
cal assumptions were based on experimental observations
during that period: (a) Almost all p-p events include at
least one dijet – MPIs represent the bulk of the non-
diffractive cross section. That assumption rejects a mini-
jet [45] cutoff scale near 5 GeV [45]: MPIs extend much
lower than 5 GeV in order to give enough “activity.”
(b) Essentially all hadrons near midrapidity come from
jets, characterized by nch ∝ n¯MPI , with n¯MPI(pt,min)
= σint(pt,min)/σNSD as the mean number of MPIs and
σint(pt,min) obtained by integrating the 2-2 jet spectrum
dσint(pt)/dp
2
t down to some pt,min = O(1-2) GeV/c.
In order to achieve agreement with various forms of p-p
data further assumptions are required including impact-
parameter dependence and color reconnection among
MPIs within color-singlet hadrons. (c) It is assumed that
n¯MPI(b) ∝ O˜(b) where O˜(b) is equivalent to thickness
function TAB(b) for A-A collisions. O˜(b) is by analogy
a measure of parton-parton binary encounters in a p-p
collision (via eikonal approximation). (d) MPIs can be
merged in pairs (CR) as determined by a free parameter,
resulting in fewer jet fragments per dijet and increased
p¯t. In effect, more than one scattered parton may be
associated with a string fragmenting to a single jet.
The PYTHIA MC (essentially a one-component
model) and the p-p TCM are effectively in direct oppo-
sition. Whereas the TCM is based on observations that
most p-p events are “soft,” with no dijet present, and
pt,min ≈ 3 GeV/c [1, 10, 18], assumption (a) based on
conjectured pt,min ≈ 1-2 GeV/c states that almost all
p-p events contain at least one dijet. The two pt limits
represent a factor ten or more difference in jet produc-
tion given dσint(pt)/dp
2
t ∼ 1/p7t near 3 GeV/c consistent
with the spectrum trend in Fig. 1 (right) [25]. Whereas
a nonjet soft component dominates hadron production
in the TCM (consistent with h-A fixed-target observa-
tions [31, 32]), assumption (b) within PYTHIA states
that jet-related MPIs dominate hadron production.
Whereas the TCM is based on an observed noneikonal
dijet production trend ∝ ρ¯2s [1, 18], assumption (c) states
that a conjectured eikonal dependence ∝ O˜(b) (∼ ρ¯4/3s )
is included in PYTHIA. The latter leads to the trend
p¯t = P¯t/nch ∝ n1/3ch as seen in Fig. 3 of Ref. [3] for default
PYTHIA, while the TCM results in P¯t/ns ∝ ρ¯s that de-
scribes data accurately with no additional assumptions as
in Fig. 6 of the present study. Whereas the TCM implic-
itly assumes independent dijet production, assumption
(d) is based on strong MPI couplings via a CR mech-
anism. According to Ref. [14] if nch ∝ n¯MPI and jet-
related P¯t ∝ n¯MPI then p¯t = P¯t/nch should be indepen-
dent of nch, strongly disagreeing with p-p p¯t data. Thus,
some CR mechanism is required within PYTHIA.
The HIJING and AMPT Monte Carlos based on
PYTHIA strongly disagree with p-Pb and Pb-Pb data, in
part because of PYTHIA structure and in part because
jet modifications in Pb-Pb are not described correctly or
at all. In contrast, the TCM provides an accurate de-
scription of p¯t data in several A-B systems and is consis-
tent with independent measurements of isolated jets and
fixed-target h-A collisions dominated by soft physics.
VIII. SUMMARY
This study addresses an apparent contradiction in the
interpretation of variation with charge multiplicity nch
of ensemble-mean transverse momentum pt denoted by
p¯t. The conventional interpretation within the context
of nucleus-nucleus (A-A) collisions is that increase of p¯t
with nch signals radial flow due to gradients in a mat-
ter/energy density. But according to available p¯t data
the smaller the collision system the larger the radial flow
(and hence gradients), and that conclusion contradicts
the expectation that larger systems (i.e. heavy ion colli-
sions) should develop greater densities and gradients and
possibly form a locally-equilibrated quark-gluon plasma.
Alternatively, dijet production is the signature mani-
festation of QCD in high-energy nuclear collisions. Jet
properties and production rates for elementary p-p colli-
sions have been measured extensively. The systematics
of minimum-bias (MB) jet contributions to p-p pt spec-
tra and two-particle correlations are now quantitatively
understood and represented by a two-component (soft +
hard) model (TCM) of hadron production near midrapid-
ity. In this study the pt spectrum TCM for p-p collisions
is adapted to describe p¯t data for p-p collisions and ex-
tended to describe p¯t for a general A-B collision system.
The TCM for total Pt production (integrated within
some angular acceptance) is based on measurements of
dijet production, parton fragmentation and jet spectra.
It is assumed that of two contributions to P¯t = P¯ts + P¯th
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the soft component is a universal feature of high energy
collisions corresponding to longitudinal dissociation of
participant nucleons. The complementary hard compo-
nent is entirely due to MB jet production in N-N colli-
sions. An equivalent model is applied to charged-hadron
production in the form nch = ns +nh, with p¯t ≡ P¯t/nch.
The p-p p¯t TCM incorporates the observation that dijet
production in p-p collisions follows a noneikonal trend on
nch: production in p-p collisions increases approximately
quadratically with nch rather than n
4/3
ch as expected for
the eikonal Glauber model that describes A-A collisions.
The p-p p¯t TCM framework for various collision ener-
gies is adapted in turn to describe data from p-Pb and
Pb-Pb collisions. The common parameter is soft inte-
grated charge ns or charge angular density ρ¯s interpreted
to represent participant low-x gluons. The derived TCM
parameters are then x(ns), the ratio of hard to soft mul-
tiplicity in an average nucleon-nucleon (N-N) collision,
ν(ns), the mean number of N-N binary collisions per
participant-nucleon pair and p¯thNN (ns), the p¯t hard com-
ponent averaged over N-N binary collisions.
For p-p collisions ν = 1 by definition, and x(ns) ≈
α(
√
s)ρ¯s reflects the noneikonal dijet production trend
with α(
√
s) defined accurately by a previous p-p pt spec-
trum study. With those elements of the p-p TCM defined
a priori the p¯thNN (ns,
√
s) trends can be inferred from
available p¯t data and are found to be quantitatively con-
sistent with the pt spectrum hard component previously
obtained from p-p data, which is in turn quantitatively
consistent with measured properties of isolated jets. The
noneikonal trend suggests that centrality is not relevant
for p-p collisions, consistent with recent correlation data.
For p-Pb collisions p¯t data indicate that the noneikonal
trend x(ns) ≈ α(
√
s)ρ¯s persists up to transition point
ρ¯s0 beyond which the linear trend continues but with 10-
fold reduced slope to accommodate p¯t data. Once x(ns)
is defined the p-A Glauber number of participant pairs
Npart/2, binary collisions Nbin and binary collisions per
participant pair ν ≡ 2Nbin/Npart follow by definition.
The p-Pb TCM transitions smoothly from a noneikonal
p-p trend at lower multiplicities to a GLS model of p-A
collisions, with no modification of jet fragmentation.
The Pb-Pb p¯t data have several implications. Hard-
component P¯th production generally follows binary-
collision scaling (∝ Nbin) according to the eikonal ap-
proximation as expected for dijet production in A-A col-
lisions. However, above a sharp transition previously
observed for Au-Au jet angular correlations parameter
x(ns) increases rapidly and substantially (3-fold increase)
to a saturation value, but hard component p¯thNN (ns,
√
s)
decreases by about 25% also to a saturation value. Those
trends are consistent with measured changes in jet prop-
erties (e.g. softened fragmentation functions) associated
with “jet quenching” in more-central A-A collisions
To conclude, whereas attribution of p¯t variation with
nch to radial flow leads to paradoxical conclusions within
a flow/hydro context the TCM for p¯t based on dijet pro-
duction as the source of the p¯t hard component accurately
and consistently describes p¯t data from several collision
systems over a large range of collision energies and charge
multiplicities, with only a few simple parameters. Low-x
gluons represented by ns or ρ¯s provide a common basis
for the TCM. The progression from fast to slow increase
of p¯t with nch from p-p to p-A to A-A is found to result
from collision geometry: noneikonal for p-p transition-
ing to full eikonal for A-A, with p-A as an intermedi-
ate case. The p¯t hard component p¯tNN (ns,
√
sNN ) cor-
responds quantitatively to measured pt spectrum hard
components which in turn correspond quantitatively to
measured properties of isolated jets. Given the accuracy
and simplicity of the p¯t TCM and its direct connection
with jet physics there seems to be no need to invoke a
hydro mechanism for p¯t variation in any A-B system.
Appendix A: TCM parametrizations
Section III C describes adaptation of inferred nch de-
pendence of the TCM for p-p pt spectrum hard compo-
nents for 200 GeV and 13 TeV presented in Ref. [21] to
describe nch dependence of p¯th(ns,
√
s) data inferred in
the present study. In this appendix details of the TCM
parametrization for 200 GeV and 7 TeV are presented.
As noted in Sec. III C the TCM spectrum hard compo-
nent on transverse rapidity yt is modeled by a Gaussian
with exponential tail. The hard-component model shape
is determined by separate Gaussian widths σyt+ and σyt−
above and below the peak mode and exponential param-
eter q, all varying with control parameter ρ¯s = ns/∆η
to accommodate spectrum data as in Ref. [21]. Figure 5
summarizes parameter trends determined in that study.
The same data points appear in Fig. 16 below.
1. 200 GeV p-p parameters
The 200 GeV curves in Fig. 16 are defined by
σyt+ = 0.385 + 0.09 tanh(ρ¯s/4) (A1)
2/q = 0.373 + 0.0054ρ¯s old
= 0.375 + 0.0047(ρ¯s + 0.0008ρ¯
3
s) new
1/σ2yt− = 13.5 tanh[(ρs − 3.1)/5].
Except as noted the expressions are just as in Ref. [21].
The chosen forms of the plotted variables facilitate simple
algebraic expressions. The 200 GeV parametrization is
tightly constrained by the spectrum data over the same
ρ¯s = ns/∆η range as the p¯t data used for this study. The
slight modification of the q(ns) parametrization does not
significantly change the agreement in Fig. 8 (right).
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FIG. 16: Left: TCM hard-component model parameters
σyt+ and 2/q (points) that accommodate spectrum data
above the peak mode, inferred from pt spectrum nch depen-
dence for 200 GeV and 13 TeV in Ref. [21]. Right: Model
parameter σyt− (points) for multiplicity classes n = 2-7 of
200 GeV p-p collisions that accommodates spectrum data be-
low the peak mode. The curves are defined in Eqs. (A1) and
(A2).
2. 7 TeV p-p parameters
The 7 TeV curves in Fig. 16 are defined by
σyt+ = 0.60 + 0.03 tanh(ρ¯s/10) (A2)
2/q = 1.4[0.373 + 0.0036ρ¯s] old
2/q = 1.4[0.373 + 0.005(ρ¯s − 0.026ρ¯2s
− 0.0012ρ¯3s + 0.000044ρ¯4s)] new
1/σ2yt− = 3 tanh[(ρ¯s − 3.1)/5] new
The 7 TeV parametrization is only loosely constrained by
spectrum data and over a much smaller ρ¯s range than the
p¯t data used for this study. Commenting on the trends in
Figs. 8 and 9 (right), for ρ¯s < 15 the p¯th(ns) trend is dom-
inated by σyt−(ns). For ρ¯s > 15 the trend is dominated
by σyt+(ns) and q(ns), but for the higher energy only
q(ns) matters because the Gaussian-exponential transi-
tion is close to the mode and the width above the mode
σyt+ plays no significant role. It is interesting that the
form of σyt− at two widely-separated collision energies
corresponds on ρ¯s without scaling, even though ρ¯sNSD is
2.5 in one case and 6 in the other case. The amplitude
ratio corresponds to a factor-2 increase in σyt− at 7 TeV.
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